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Abstract We present ﬁrst measurements of energetic neutral atoms that originate from solar wind
plasma having interacted with the lunar nightside surface. We observe two distinct energetic neutral atom
(ENA) distributions parallel to the terminator, the spectral shape, and the intensity of both of which indicate
that the particles originate from the bulk solar wind ﬂow. The ﬁrst distribution modiﬁes the dayside ENA ﬂux
to reach ∼6∘ into the nightside and is well explained by the kinetic temperature of the solar wind protons.
The second distribution, which was not predicted, reaches from the terminator to up to 30∘ beyond the
terminator, with a maximum at ∼102∘ in solar zenith angle. As most likely wake transport processes for this
second distribution we identify acceleration by the ambipolar electric ﬁeld and by the negatively charged
lunar nightside surface. In addition, our data provide the ﬁrst observation indicative of a global solar zenith
angle dependence of positive dayside surface potentials.
1. Introduction
In recent years, the lunar dayside surfacewas proven to be very eﬀective in neutralizing and reﬂecting imping-
ing solar wind plasma: Up to 20% of the impinging solar wind protons are neutralized upon interaction
with the lunar surface before being reﬂected back to space as hydrogen energetic neutral atoms (ENAs)
[e.g., McComas et al., 2009;Wieser et al., 2009; Vorburger et al., 2013; Bhardwaj et al., 2015]. ENA imaging thus
provides a powerful tool to investigate the solar wind plasma interaction process with the lunar surface.
Most previously published results on lunar ENAs have focused on the sunlit hemisphere of the Moon, where
the solar wind plasma can reach the surface almost unhindered. Only one study on lunar nightside ENAs has
so far been conducted [Harada et al., 2014]. This study presented measurements taken when the Moon was
located in Earth’s magnetotail, though, and did thus not investigate the lunar surface interaction with the
solar wind plasma but rather with Earth’s plasma sheet.
It is known that, in contrast to solar photons, solar wind protons are to a certain extent accelerated into
the lunar wake. This wake entry process has been studied in recent years during several missions. Zhang
et al. [2014] presented ARTEMIS measurements in the lunar wake up to distances of 12 lunar radii (far-Moon
wake). Their measurements showed that the solar wind plasma is accelerated into the lunar wake structure
through the pressure gradient force and the ambipolar electric ﬁeld. Plasma entry into the near-Moon wake
(∼100–200 kmabove the surface)was recently observedbyKAGUYA/SELENE, Chang’E-1, andChandrayaan-1.
The lunar wake plasma penetration observations by SELENE were conducted by MAP, the MAgnetic ﬁeld and
Plasma experiment. The protonsmeasured byMAP are thought to have been accelerated into the near-Moon
wake by the bipolar electric ﬁeld around the wake boundary [Nishino et al., 2009a] and by scattering from the
dayside followedby solarwindmotional electric ﬁeldpickup [Saitoetal., 2008;Nishinoetal., 2009b].Wangetal.
[2010] reported on accelerated particles observed by the Solar Wind Ion Detectors on board the Chang’E-1
spacecraft. These ions are also proposed to originate in scattered solar wind protons, which have been accel-
erated into the lunar wake by the convection electric ﬁeld of the solar wind and the E⃗× B⃗ drift in the ambipolar
electric ﬁeld at the ﬂank of the lunar wake. The Sub-keV AtomReﬂecting Analyzer (SARA) instrument onboard
Chandrayaan-1 also measured ions in the near-Moon wake, the origin of most of which have been identi-
ﬁed (including diﬀusion of solar wind protons into the wake along the interplanetary magnetic ﬁeld (IMF),
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Figure 1. Projections of lunar ENA observations. Number of observations and diﬀerential ENA ﬂux divided by the number of observations and the solar wind
ﬂux in (sr−1). (a, g) The projection of the −x hemisphere (i.e., lunar nightside). (b, h) The projection of the +x hemisphere (i.e., lunar dayside). (c, i) The projection
of the −y hemisphere. (d, j) The projection of the +y hemisphere. (e, k) The projection of the −z hemisphere. (f, l) The projection of the +z hemisphere.
For convenience, the direction of the solar wind ﬂow and the direction of the convective electric ﬁeld are depicted in all panels.
Larmor motion, and dayside scattering), but the origin of some of which still remains unclear [Futaana et al.,
2010; Dhanya et al., 2013, 2016].
Wewill presentmeasurements from a third region of the lunar wake, namely, of protons that enter theMoon’s
wake at such close distance so that they can interact with the lunar nightside surface. Solar wind protons
hitting the lunar nightside surface have been known to exists since the Apollo missions, where ion bursts
deep in the lunar night were observed by surface deployed superthermal ion detectors [Freeman Jr., 1972].
2. Instrumentation and Observations
For this study we analyzed measurements conducted by the Chandrayaan-1 Energetic Neutrals Analyzer
(CENA) [Kazamaetal., 2007], which is a part of the SARA instrument [Bhardwaj et al., 2005; Barabashetal., 2009]
onboard Chandrayaan-1 [Goswami and Annadurai, 2009]. CENA measured ENAs originating from the lunar
surfacewithin the energy range 10 eV to 3.3 keV and an energy resolution ofΔE∕E∼50%. CENA’s ﬁeld of view
consists of seven angular sectors (ﬁve of which are purely surface pointing), with surface-projected footprints
of approximately 100–400 km× 10–20 km, depending on the sector number and spacecraft altitude. For this
analysis, we only used neutral hydrogen measurements in the energy range 10 eV to 2.2 keV, measured at
both of Chandrayaan-1’s operational altitudes of 100 km and 200 km when the Moon was located upstream
of the terrestrial bow shock, i.e., was fully exposed to the solar wind plasma.
When analyzing dayside ENA measurements, we corrected for CENA’s viewing direction, i.e., the fact that we
sample only part of the 2𝜋 scattering function. Unfortunately, determination of such a scattering function for
the nightside is not possible, since the solar wind incidence angle as a function of lunar longitude and latitude
is not known for the nightside. We thus present the data as observed in physical units.
CENA’s full data product provided us with 168 upstream orbits to be analyzed, each of which provides about
2 h of data (1 h of which is spent on the nightside) for each of the ﬁve angular sectors, with an integration
time for an individual measurement of 4 s. Our full analysis thus contains on the order of 1 million individual
measurements. Solar wind and IMF conditions used in this studywere taken from theWind and ACEmissions,
the data products of both ofwhichwere time shifted to account for the distance between Chandrayaan-1 and
the respective spacecraft. DuringCENA’s operational periods, the solarwindvelocity ranged from∼250 kms−1
to ∼560 km s−1, with a mean of ∼370 km s−1 and a standard deviation of ∼78 km s−1. The solar wind proton
and electron thermal velocity distributions had a mean of ∼29 km s−1 and ∼2167 km s−1, respectively, with
corresponding standard deviations of ∼11 km s−1 and ∼378 km s−1. The IMF strength ranged from almost
0 to ∼12 nT, with a mean of ∼4 nT and a standard deviation of ∼2 nT.
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Figure 2. Five solar wind normalized ENA energy spectra. The curves with empty symbols correspond to ENA populations
from the dayside surface, whereas the curves with ﬁlled symbols belong to ENA populations coming from the nightside
surface. The annotations denote from which solar zenith angle intervals the energy spectra were taken.
3. Results
The coordinate system within which the data are presented is optimized to analyze the lunar wake plasma
entry process. The origin of the system is set at the center of theMoon. The x direction points toward the Sun,
i.e., points toward the antisolar wind velocity (−v⃗sw), the z direction is along the solar wind convection electric
ﬁeld (E⃗=−v⃗sw × B⃗IMF), and the y direction completes the right-hand system. In this coordinate system, the IMF
is conﬁned to the x–y planewith the y component always positive. Aberration due to both theMoon’s orbital
motion and ACE’s velocity was corrected for. As a compromise between ﬁeld of views’ wide opening angles in
azimuth direction and narrow opening angles in elevation direction, the projected ﬁeld of view was chosen
to be 50 km. This is justiﬁed by the sensor having an angular response resembling a Gaussian function and
thus being more sensitive to particles coming from the nadir direction [Vorburger, 2013].
Figure 1 presents the projection of the lunar hydrogen ENA observations onto the y–z, the x–z, and the x–y
planes. Figures 1a–Figure1f depict thenumberof 4 sobservationsona logarithmic scale. Figures 1g–Figure1l
show the hydrogen diﬀerential ENA ﬂux divided by the number of observations and the solar wind ﬂux. In this
kind of projection Figure 1g shows the lunar nightside and Figure 1h shows the lunar dayside. For Figures 1i
to 1l the Sun is located to the left. All panels contain arrows showing the direction of the solar wind ﬂow
(v⃗sw = (vsw, 0, 0)) and the direction of the convection electric ﬁeld (E⃗ = (0, 0, E)). It is obvious from Figure 1g
that ENAs are not strictly conﬁned to the lunar dayside surface: there is a substantial amount of ENAs coming
from just beyond the terminator, which form a wide ring structure parallel to the terminator.
To determine the origin of these nightside ENAs, we ﬁrst analyzed their energy spectra. In a previously pub-
lished paper, Futaana et al. [2012] analyzed the energy spectra of dayside ENAs also measured by CENA.
They showed that the individual energy spectra are well reproduced by a Maxwell-Boltzmann distribution
function and that the characteristic energy of dayside ENAs is directly proportional to the solar wind velocity.
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Figure 3. (a) Solar wind normalized diﬀerential ENA ﬂux and (b) characteristic energy versus solar zenith angle. Figure 3a
also shows four theoretical curves, added to guide the reader’s eye. The black dashed curve shows a cosine which tends
toward zero at the terminator. The green dashed curve is a modiﬁed version of the black curve that tends toward zero
∼6∘ beyond the terminator. The blue dashed curve shows a Gaussian distribution with a maximum at ∼102∘ and a full
width half max of ∼30∘. The red curve is the sum of the green and the blue curves. In Figure 3b, the 5% and 95%
percentiles are shown by the vertical bars. For convenience, a solid black line representing the terminator is shown in
both panels. The shaded area right of ∼120∘ denotes the region where the characteristic energy spectra resemble
the one-count level. Also depicted in Figure 3a are ﬁve regions for which the energy spectra are shown in Figure 2.
Figure 2 shows a few sample energy spectra for ENAs belonging to the dayside aswell as the near nightside. In
their paper, Futaana et al. [2012] mention that there is no reliable detection eﬃciency of the CENA instrument
available below 25 eV. We thus only used ENAs with energies ≥38 eV (the next energy bin after 25 eV) when
determining the characteristic energy as well. Figure 2 shows that not only the dayside ENA energy spectra
(curves with open symbols) are well represented by a Maxwell-Boltzmann distribution function but also that
the nightside energy spectra (curves with ﬁlled symbols) closely resemble the dayside energy spectra and
that they are thus also well represent by a Maxwell-Boltzmann distribution.
To see how far the solar wind plasma is transported beyond the terminator, we plotted the solar wind nor-
malized diﬀerential hydrogen ENA ﬂux versus solar zenith angle in Figure 3a. This ﬁgure shows the data in the
lunar solar ecliptic coordinate system, which is independent of ACE andWind satellite data. In this coordinate
system 0∘ corresponds to the subsolar point, 90∘ corresponds to the terminator, and 180∘ corresponds to the
antisubsolar point. If the Moon-solar wind interaction was purely a geometrical problem, the ENA ﬂux would
tend toward zero at the terminator and remain zero on the nightside (black dashed lines). This is not the case;
though, we observe two distinct nightside ENA populations. The ﬁrst population results in the ENA ﬂux
reaching ∼6∘ beyond the terminator (green dashed line). The second population starts to dominate shortly
after the terminator, reaches ∼30∘ into the nightside, and has a maximum at ∼102∘ (blue dashed line). The
pure nightside ENA ﬂux (ENAs coming from 90∘ to∼120∘ in solar zenith angle) amounts to∼1.5% of the total
dayside ﬂux. The ﬂux and energy proﬁle of the ENAs coming from the far nightside (beyond120∘; shaded area)
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Figure 4. Solar wind normalized diﬀerential ENA ﬂux grouped according to (a) E⃗ direction (negative E⃗ hemisphere (blue)
and positive E⃗ hemisphere (red)), (b) IMF magnitude (<5 nT (blue) and >5 nT (red)), (c) angle between the IMF and the
solar wind bulk ﬂow (<30∘ (blue) and >150∘ (red)), (d) ratio of proton thermal speed to solar wind speed (<1:15 (blue)
and >1:15 (red)), (e) electron thermal energy (<12.5 eV (blue) and >12.5 eV (red)), (f ) and dawn/dusk hemisphere
(blue/red).
is very low and resembles the one-count level. These ENAswere therefore not further analyzed. Figure 3a also
shows, for convenience, the locations for which energy spectra are shown in Figure 2) with circles.
Having analyzed the dependency of the ENA ﬂux on the solar zenith angle, we also analyzed the dependency
of the characteristic ENA energy on the solar zenith angle. The result of this analysis is shown in Figure 3b,
where the horizontal bars depict the characteristic energy for a given solar zenith angle interval and where
the vertical bars depict the 95 percentiles, determined by applying a resampling bootstrap algorithm with a
sample number of 100,000. As one can see from this panel, there is a steady increase in characteristic energy
with increasing solar zenith angle on the lunar dayside. At the terminator, though, there is an abrupt drop
of ∼10 eV in characteristic energy, and the characteristic energy stays more or less constant on the lunar
nightside but exhibits much larger variation than the dayside ENAs. Overall, the characteristic energy of the
nightside ENAs is on average 4 eV lower than the characteristic energy of the dayside ENAs.
To analyzewhich processes govern the solar wind plasma transport onto the lunar nightside, we analyzed the
ﬂux and energy proﬁles for diﬀerent solar wind plasma conditions. These conditions include the following: (i)
solar wind speed, (ii) proton thermal speed, (iii) electron thermal speed, (iv) IMFmagnitude, (v) IMF direction,
(vi) E⃗ direction, and (vii) dawn/dusk hemisphere. The ENAﬂux and characteristic energy proﬁles that exhibited
a dependency on one of the plasma conditionsmentioned above are shown in Figure 4. The conditions are as
follows: E⃗ direction (negative E⃗ hemisphere (blue) and positive E⃗ hemisphere (red); Figure 4a), IMFmagnitude
(<5 nT (blue) and >5 nT (red); Figure 4b), angle between the IMF and the solar wind bulk ﬂow (<30∘ (blue)
and >150∘ (red); Figure 4c), ratio of proton thermal speed to solar wind speed (<1:15 (blue) and >1:15 (red);
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Figure 4d), electron thermal energy (<12.5 eV (blue) and >12.5 eV (red); Figure 4e), and dawn/dusk hemi-
sphere (blue/red; Figure 4f ). Note that for some plasma conditions and solar zenith intervals the statistics
were not suﬃcient enough to determine a deﬁnite characteristic energy from the energy spectra. In that case,
no line is shown. It is also important to note, here, that many of these parameters are correlated. To resolve
which of two correlated parameters is responsible for an observed eﬀect, it would be necessary to vary one
parameter while the other parameter remains constant. Unfortunately, due to the limited number of obser-
vations and the rather constant nature of the solar wind plasma during the observations, such an analysis was
impossible here.
4. Discussion
The dayside ENA ﬂux arising from the solar wind plasma has been thoroughly studied in recent years
[e.g.,Vorburger etal., 2012, 2013; Futaanaetal., 2012].Wederive fromourmeasurements characteristic dayside
ENAenergies ranging from∼80 eV to∼100 eV,with ameanof∼94 eV (cf. Figure 3b). This is in good agreement
with the values presented by Futaana et al. [2012], who computed from 108 daysidemeasurements amedian
of 93 eV and 25% and 75% percentiles of 81.7 eV and 111 eV, respectively. The dayside characteristic energy
steadily increases with increasing solar zenith angle, most probably as a result of variation in dayside surface
charging. At the subsolar point, the lunar surface has a potential of a few (tens of ) volts, and it decreases with
increasing solar zenith angle up to ∼ 80∘, where it rapidly becomes negative [cf. Stubbs et al., 2014]. Since a
positive surface potential decelerates and a negative surface potential accelerates the impinging solar wind
ions, ions reaching the subsolar point are expected to have lower energies than ions arriving closer to the
terminator, which agrees well with the trend we observe in our dayside data. Our data thus provide the ﬁrst
observation indicative of a global solar zenith angle dependence of positive dayside surface potentials.
At the terminator we observe a 10 eV step in characteristic ENA energy (cf. Figure 3b), from which we infer
a change in proton energy of about 100 eV [cf. Futaana et al., 2012]. Most processes known to transport
solar wind protons into the lunar wake add, rather than subtract, energy. There has only been one observa-
tion where protons were decelerated when entering the lunar wake. These observations were presented by
Nishino et al. [2009a], who showed that the solar wind protons gain kinetic energy in one hemisphere, while
they lose energy in the other hemisphere, probably due to proton Larmor motions and inward electric ﬁelds
around the wake boundary. The determining factor in which hemisphere gains and which hemisphere loses
energy was identiﬁed as the direction of the y component of the IMF. With the convection electric ﬁeld being
the cross product between the solar wind velocity and the IMF, such an IMF y component asymmetry should
in our analysis show up as an E⃗ hemisphere asymmetry. Figure 4a shows the division of the data set into the
positive andnegative E⃗ hemispheres.Whereas there is an ENAﬂux asymmetry in thenightsidedata for the two
hemispheres, the energy spectra are virtually the same. We thus doubt that the energy loss we observe at the
terminator has the same cause as the energy loss observed by Nishino et al. [2009a]. Not being aware of any
other processes that could decelerate protons upon entry into the near-lunar wake, this 10 eV drop in charac-
teristic ENA energy at the terminator is currently not understood. It is currently also not understoodwhy there
is more ﬂux in the positive E⃗ hemisphere. With the E⃗ ﬁeld accelerating protons in the positive direction, one
would expect solar wind protons to be drawn farther into the Southern than into the Northern Hemisphere.
In the lunar wake, we observe two populations of lunar nightside ENAs (cf. Figure 3a). The ﬁrst population
(green curve in Figure 3a) modiﬁes the dayside ENA ﬂux to reach∼6∘ beyond the lunar terminator and arises
from the kinetic temperature of the solar wind (see discussion below), which allows the protons to access
surface locations up to a few degrees behind the geometric shadow. The second population is ENAs from
farther into the nightside (blue curve in Figure 3a). With the locations being too far into the nightside to be
explained by kinetic temperature eﬀects, plasma processes need to direct protons to these locations on the
nightside. The red curve, which is the sumof the green and the blue curves, shows that the complete ENA ﬂux
is well reproduced by these two curves.
The nightside ENAs have an energy spectrum closely resembling the dayside energy spectrum (cf. Figure 2).
For the same reasoning as presented in Futaana et al. [2012] we can conclude that the nightside ENAs do
not originate from the lunar surface material (and are thus not sputtered particles, which would have much
lower energies [Wurz et al., 2007]) but must be reﬂected and neutralized solar wind ions. But in contrast to
the dayside ENAs, which are a result of solar wind protons interacting directly with the lunar surface, the
nightside ENAs stem from solar wind protons that have been processed by somemeans. Futaana et al. [2012]
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also showed that the characteristic dayside ENA energy is proportional to the solar wind velocity and that the
dayside ENAs usually posses approximately 10% of the impinging solar wind proton energy. This statement
is also true for lunar nightside ENAs.
Figure 4 shows that whereas the IMF magnitude has a minimal inﬂuence on the nightside ENA generation
(except for maybe some broadening of the ring; Figure 4b), there is a noticeable diﬀerence in the ENA ﬂux of
the nightsidewhen the IMFwas quasi-parallel (blue) andwhen the IMFwas quasi-antiparallel (red) to the solar
wind bulk velocity. This diﬀerence decreases with increasing angle and has completely vanished when the
IMF is perpendicular to the solar wind bulk velocity. This might be favoring of diﬀusion of solar wind protons
parallel to diﬀusion antiparallel to the IMF, which was also observed in lunar protons measured by SARA’s ion
sensor and presented by Dhanya et al. [2016].
The solar wind kinetic temperature adds a perpendicular velocity component to the (much larger) parallel
velocity component. This perpendicular component amounts on average to ∼5–10% of the total velocity
and thus allows for the solar wind ions to reach ∼5∘ into the nightside (for pure geometric reasons). As the
ratio between the perpendicular and the parallel component increases, particles arrive at steeper angles and
are thus able to penetrate farther into the lunar nightside. Figure 4d) shows the separation of the data set
into small/large ratios of perpendicular to parallel velocity components, where indeed protons with larger
ratios are able to penetrate farther into the lunar nightside than protons with smaller ratios. In addition, the
characteristic energy of the ENAswith larger ratio is distinctly larger than the characteristic energy of the ENAs
with smaller ratios.
Anotherprocess oftenassociatedwith lunarplasmawakepenetration is accelerationby theambipolar electric
ﬁeld [c.f. Samir et al., 1983; Ogilvie et al., 1996; Halekas et al., 2005; Farrell et al., 2008; Halekas et al., 2011]. The
ambipolar electric ﬁeld is a result of electrons having higher thermal velocities than protons, which makes
them diﬀuse into the vacuum of the lunar wake ahead of the protons. This in turn generates an electric ﬁeld
pointing toward the wake and thus accelerates protons toward the lunar nightside surface. This electric ﬁeld
is symmetric along the terminator, with the ﬁeld strength being proportional to the electron thermal energy
[c.f. Kallio, 2005]. Figure 4e shows that indeed protons are able to penetrate deeper into the lunar nightside
when the electron thermal energy was high rather than low. As in Figure 4d, there is a distinct diﬀerence
in characteristic energy for the two groups, with the characteristic energy being larger in the high-electron
thermal energy case.
A further asymmetry discernible in our measurements concerns the local time of the proton surface
interaction: There is more ﬂux coming from the dawn than from the dusk hemisphere, and the characteristic
energy step at the terminator is only well pronounced on the dusk hemisphere and is practically nonexistent
on the dawn hemisphere. This dawn/dusk asymmetry might either be associated with plasma physics pro-
cesses or with the fact that the lunar surface at the dusk side has just spent approximately 14 days at∼100 K,
which is expected to have altered the lunar surface backscattering properties to some degree.
5. Summary and Conclusion
We presented ﬁrst measurements of lunar wake ENAs resulting from solar wind plasma interacting with the
lunar nightside surface. There are two distinct populations of nightside ENAs, amounting together to ∼1.5%
of the total dayside ﬂux. The ﬁrst population reaches∼6∘ beyond the terminator and is well explained by the
kinetic temperature of the solar wind. The second population reaches from the terminator to ∼120∘ in solar
zenith angle,with amaximumat∼102∘. The average characteristic energyof thenightside ENAs is∼4eV lower
than the average dayside population, probably due to plasma deceleration. It still closely resembles the spec-
tral shape of the dayside energy spectrum though. We conclude that the nightside ENAs also originate in the
solar wind bulk ﬂow.
Analysis of possible plasma condition inﬂuences shows that the protons responsible for the observed night-
side ENAs were most probably guided to the nightside by kinetic temperature eﬀects and by the ambipolar
electric ﬁeld, with possible contributions from the negative charging of the lunar nightside. In addition, there
seems to be a favoring of diﬀusion parallel to diﬀusion antiparallel to the IMF and either a plasma transport or
surface reﬂection alteration eﬀect associated with the local lunar time. Having not observed any strong cor-
relationwith the IMF strength or direction, plasma entry by gyromotion, scattering, or high-energy tail eﬀects
cannot have played amajor role in transporting the protons responsible for these ENAs to the lunar nightside.
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In addition, our lunar dayside data show a steady increase in characteristic ENA energy with increasing solar
zenith angle. These are the ﬁrst observations indicative of a global solar zenith angle dependence of positive
dayside surface potentials.
The Moon oﬀers a natural laboratory to study plasma physics interaction with planetary surfaces, and ENA
imaging oﬀers a suitable tool to investigate such processes. Our measurements show that solar wind plasma
can eﬀectively be transported into the lunar wake and onto the lunar nightside surface, where the plasma
is neutralized upon interaction. Similar processes are expected to take place on other airless bodies, e.g.,
Mercury, the Galilean moons, asteroids, dormant comets, and other objects without an atmosphere.
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